carbonate minerals (limestone, JLs-1; dolomite, JDo-1; coral, JCp-1; giant clam, JCt-1) issued by the Geological Survey of Japan (GSJ). In order to estimate an isotopic fractionation factor of carbonate formation in seawater, isotopic ratios for a seawater sample (site locality: 63S-170E, 200 m) were also determined in this study.
Prior to the isotopic analysis, solid geochemical samples were decomposed and dissolved by a mixture of acids. The acid digestion procedure applied in this study was basically identical to that reported by Yokoyama et al. 9 About 200 mg of igneous rock samples (JB-1a and JA-2) were first weighted, and then decomposed by a mixture of 1.5 ml of 20 M HF and 1.5 ml of 7 M HClO4 at ca. 100˚C for 48 h. Decomposed samples were heated to dryness at ca. 120˚C for 12 h, ca. 160˚C for 12 h and ca. 200˚C. After the addition of 1 ml of 7 M HClO4, the resulting sample solution was heated to dryness at ca. 120˚C for 12 h, ca. 160˚C for 12 h and ca. 200˚C. The resulting sample cake was redissolved in 2 ml of 2 M HNO3, and the white insoluble fraction was removed by centrifuging; the supernatant was then subjected to the following chemical separation procedure.
For carbonate samples (JLs-1, JDo-1, JCp-1 and JCt-1), about 200 mg of each powdered sample was dissolved in 2 ml of 2 M HCl at room temperature. Any residual matter left after acid dissolution was separated by centrifugation. The supernatant solution was heated to dryness, and the resulting sample cake was dissolved in 1 ml of 2 M HNO3. The sample solutions for silicate and carbonate samples were subjected to the chemicalseparation procedure.
For a seawater sample, 1 ml of the seawater sample was mixed with 1 ml of 5 M HNO3, prior to the chemical separation procedure described below.
Chemical separation procedure
For isotopic analysis using the ICP-MS technique, it is widely recognized that both the mass spectrometric and nonspectrometric interferences can become a large source of analytical error. To minimize any deterioration in the analytical precision or the reliability of the measurements, Sr must be chemically separated and purified from the matrix elements through chemical separation procedures.
In this study, two different separation procedures were employed to evaluate their applicability to a Sr stable isotope study. The first separation technique employed in this study was conventional cation-exchange chromatography using AG 50Wx12 (200 -400 mesh, Bio-Rad Lab., Hercules, USA). The cation-exchange resin was preconditioned by passing 5 ml of 1 M HCl through the column (i.d. 6 mm × 100 mm height), and a mixture of Sr, Ca and Rb dissolved in 1 M HCl was then loaded onto the column. After the removal of Ca by the addition of 55 ml of 2 M HCl, Sr was eluted and collected by the addition of 30 ml of 2 M HCl. The elution curve for the cation-exchange chromatography is summarized in Fig. 1(a) .
The second approach to separate Sr from the sample matrix was an extraction chromatography technique using Sr Spec resin (Eichrom Technologies, Darien, USA). 10, 11 In the case of the extraction chromatography method, 1 ml of 2 M HNO3 solution containing Sr, Ca, Rb and Ba was loaded onto ca. 0.5 ml of Sr Spec columns (i.d. 6 mm, height 10 mm, particle 50 -100 μm) preconditioned by 2 ml of 2 M HNO3; the remaining Ca and Rb were removed by 2 ml of 2 M HNO3, and Ba by 4 ml of 7 M HNO3, and Sr was eluted by 4 ml of 0.05 M HNO3. The elution curve is summarized in Fig. 1(b) .
Chemical blank
Fluoric, nitric, hydrochloric and perchloric acids used in this study were commercially available sub-boiling high-purity chemical reagents (SuperPure AA-10 for HF, HNO3 and HCl, and AA-100 for HClO4: Tama Chemicals, Kawasaki, Japan). For extraction chromatography, the elution curve for Ba is also shown. the sample was <0.1% level, and no correction for the blank was made in this study.
Mass Spectrometry

Instrumentation
The MC-ICPMS used in this study was a Nu Plasma 500 (Nu Instruments, Wrexham, UK). The operation conditions, such as the torch position, Ar gas-flow rates and lens settings, were adjusted so as to maximize the signal intensity of 88 Sr. A multiple collector array of Faraday cups allows the simultaneous detection of signals, thus providing better precision and reliable isotopic ratio data. Details of the instrument and the operating parameters are summarized in Table 1 . The axial Faraday collector was used to measure 87 amu. Table 2 shows the employment of the collectors.
Correction of mass-discrimination effect
The mass-discrimination effect observed in MC-ICPMS is typically greater than that observed in conventional TIMS. A typical mass-discrimination effect for Sr observed in MC-ICPMS is 2 -3%/amu. In this study, the error due to the mass discrimination effect was corrected using two correction methods based on an exponential law. [12] [13] [14] The first correction technique is a conventional internal correction, which provides the corrected 87 Sr/ 86 Sr isotope ratios assuming the nonradiogenic 86 Sr/ 88 Sr isotopic ratios to be 0.1194. 15 ( 1) where "corr" and "meas" represent the corrected and measured ratios, respectively, and "m" is the mass of the isotopes. The ( 88 Sr/ 86 Sr)ref indicates the international convention value ( 86 Sr/ 88 Sr = 0.1194). 15 The second correction technique is an external correction technique using Zr. This correction technique enables us to correct the ratio for the mass fractionation in the mass spectrometer (i.e., mass discrimination effect); therefore, the mass-dependent isotopic fractionation of Sr in an analytical solution could be detected. (2) Here, the ( 91 Zr/ 90 Zr)ref is the normalization value, and a 91 Zr/ 90 Zr ratio of 0.2181 16 was employed.
In order to evaluate the correction methods, we measured the 88 Sr 86 Sr
Sr isotopic ratios of international isotopic standards (NIST SRM 987). All of the data were integrated for 5 s, and the mean and standard deviations were calculated from the results of one data set consisting of 40 measurements of 5 s integration. Eleven data sets were obtained to draw Fig. 2 , where the relative deviations of each data set to the mean of all sets are plotted against the time after starting the analysis. Although the measured isotopic ratios fluctuated during the analytical time, mainly due to small change in the acceleration voltage, 17, 18 the isotopic data corrected for the mass-discrimination effect demonstrated that the exponential law correction methods were effective both 87 Sr/ 86 Sr and 88 Sr/ 86 Sr.
In this study, the sample-standard bracketing technique was also employed in order to improve the reproducibility of the measurements. All of the 87 Sr/ 86 Sr isotopic ratios of the samples were corrected by normalizing the 87 Sr/ 86 Sr isotopic ratio of NIST SRM 987 to 0.71024. The common "delta notation" was used to express the 88 Sr/ 86 Sr ratio of samples with NIST SRM 987 being employed as a reference. 
Results and Discussion
Correction of isobaric interferences
In order to obtain accurate Sr isotopic data, any error due to isobaric interferences, such as 84 Kr, 86 Kr and 87 Rb, must be corrected. Since the signal intensity of Kr did not vary significantly through the analytical time, Kr is supposed to originate from the Ar gas as an impurity. In this study, an error due to isobaric interferences of 84 Kr and 86 Kr signals was corrected using an "on-peak" baseline-subtraction method. In the case of isobaric interference of 87 19 ) and C is a correction factor (discussed later). 85 Rbmeas is the measured intensity, and 87 Rbcalc denotes the calculated 87 Rb value, respectively.
We evaluated the validity of the correction using Eq. (4) by measuring the 87 Sr/ 86 Sr ratio from some Sr solutions with various concentrations of Rb (Rb/Sr = 10 -4 , 10 -3 , 10 -2 , 10 -1 and 1). The corrected 87 Sr/ 86 Sr values were plotted against the Rb/Sr concentration ratio (Fig. 3) . Based on the exponential law (i.e., C = 1), the corrected 87 In order to achieve a more accurate correction for the isobaric interference by 87 Rb, the correction term (C) was introduced onto the correction (Eq. (4)). We empirically defined the C parameter to give the smallest dependence of 87 Sr/ 86 Sr ratio on the Rb/Sr abundance ratio shown in Fig. 3 . When the C value was 1.0133, the resultant 87 Sr/ 86 Sr ratios (open squares) agreed with the ratio obtained from the Rb-free Sr solution within the analytical uncertainties. We employed this C-value throughout this study.
Reproducibility of measurements
The reproducibility of the isotopic ratio measurements was evaluated by repeated analysis of a commercially available Sr 
Isotopic fractionation during the chemical separation procedure
Several studies have revealed that the separation procedures, especially the chromatographic separation technique, cause mass-dependent isotopic fractionation of analytes. 14, 22 Those studies suggest that a loss of Sr through the chemical separation procedure could result in the isotopic fractionation of Sr. In order to investigate possible isotopic fractionation through the cation-exchange chromatographic separation, the isotopic ratio ( 88 Sr/ 86 Sr) for each elution fraction was monitored. One hundred micrograms of Sr dissolved in 100 μL of 1 M HCl were loaded onto the column, and Sr was collected with 5 ml each of 2 M HCl. The 88 Sr/ 86 Sr isotopic ratios for each elution fraction (every 5 ml) were measured. The resulting 88 Sr/ 86 Sr ratios and Sr concentrations for each fraction are plotted against the integrated volume of the eluent in Fig. 4 . The obtained 88 Sr/ 86 Sr ratios demonstrated that the Sr in earlier fractions of the eluent were systematically enriched in heavier Sr isotopes. This indicates that the recovery of Sr through the separation procedure must be carefully designed to obtain reliable Sr isotopic data from the samples. The extent of the isotopic fractionation though the separation procedure demonstrates that a recovery of higher than 95% must be obtained in order to make the level of isotopic fractionation within the uncertainty of the present isotopic ratio measurement.
In the case of the extraction chromatography method, 100 μg of Sr dissolved in 100 μl of 2 M HNO3 was loaded onto the column, and Sr was collected by 0.2 ml each of 0.05 M HNO3. The isotopic fractionation experiments in this study indicated that the level of isotopic fractionation through the extraction chromatography was almost comparable to the present uncertainties, when the recovery of Sr was higher than >90%. The 88 Sr/ 86 Sr ratios of earlier fractions showed heavier Sr isotopes, being similar to those observed on the cation-exchange chromatography. However, it should be noted that the level of isotopic fractionation through the extraction chromatography technique using the Sr spec resin was about three-times smaller than that of the cation-exchange chromatography. The lessisotopic fractionation could be explained by the smaller numbers of theoretical plates of the latter column. By comparing the extents of isotopic fractionation of the two separation procedures, the latter method using the extraction chromatography technique is more suitable for stable isotope work, and thus we employed this extraction chromatography procedure exclusively for our further Sr isotopic work.
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Geochemical samples
In this study, the 88 Sr/ 86 Sr and 87 Sr/ 86 Sr ratios for several geochemical samples were measured; the obtained δ 88 Sr values and the 87 Sr/ 86 Sr ratios are listed in Table 3 . The resulting δ 88 Sr for the seawater sample was similar to δ 88 Sr of the IAPSO seawater standard (0.381 ± 0.010‰, reported by Fietzke and Eisenhauer). 7 The residence time of Sr in seawater is more than 10 5 years, and it is considered that Sr is well mixed and homogenized with respect to its isotope ratio. 1 The consistent δ 88 Sr of seawater between us and them endorses the accuracy of our method. The δ 88 Sr values for igneous rock samples (JB-1a and JA-2) and carbonate samples (JLs-1, JDo-1, JCp-1 and JCt-1) did not differ from each other under the analytical uncertainties of this study (< 0.06‰). However, the resulting δ 88 Sr values for those samples were significantly fractionated from that for the seawater sample. The present 87 Sr/ 86 Sr ratios for JCp-1 and JCt-1 were identical with the ratio for the seawater sample, suggesting that JCp-1 and JCt-1 could be precipitated from the moderntime seawater.
Our results indicate that the isotopic fractionation effect between the seawater and the carbonate samples (JCp-1 and JCt-1) is about 0.1‰/amu, if there are no differences in the δ 88 Sr values between the present seawater and the seawater at the precipitation of carbonate.
It is well recognized that Sr behaves geochemically quite similarly to Ca, and therefore a series of pioneering studies on Ca can provide various types of information about the degree or mechanism of isotopic fractionation of Sr. 8 The typical level of isotopic fractionation on Ca between carbonate and seawater was about 0.4‰/amu. 23 If in the case that the variation in the present Sr isotopic data was mainly due to the isotopic fractionation under the equilibrium process, the level of isotopic fractionation for the 88 Sr/ 86 Sr ratio should be 4-times smaller than that of Ca. 24, 25 Since the reported level of isotopic variation in Ca was 0.4‰/amu, the level of isotopic fractionation on Sr can be estimated to be at the 0.1‰/amu level, only due to the mass dependency of the isotopic fractionation. This is consistent with the observed isotope fractionation of Sr between seawater and carbonate.
The 87 Sr/ 86 Sr values of JB-1a, JA-2 and JDo-1 were consistent with previously published data within the analytical error (JB-1a, 0.704083 -0.704133; 26-31 JA-2, 0.706334 ± 7; 30 JDo-1, 0.707513 ± 7), 32 indicating that our analytical method can provide reliable 87 Sr/ 86 Sr isotopic data.
Conclusions
The correction technique for the mass-discrimination effect on Sr enables us to determine both the mass-dependent isotopic fractionation ( 88 Sr/ 86 Sr) and the radiogenic growth ( 87 Sr/ 86 Sr). The reproducibility of the 88 Sr/ 86 Sr and 87 Sr/ 86 Sr measurements was 0.06‰ (2SD, n = 20) and 0.07‰ (2SD, n = 20), respectively. An isotopic fractionation test using cation-exchange and extraction chromatography revealed that isotopic fractionation through extraction chromatography was almost 1/3 level smaller than the level found in cation-exchange chromatography, and extraction chromatography using Sr Spec was more suitable for the separation of Sr in stable isotope studies. Strontium isotopic ratios ( 88 Sr/ 86 Sr and 87 Sr/ 86 Sr) were measured on a series of geochemical standard rock samples and a seawater sample. The number of our data was too small, and the precision was not quite sufficient for a geochemical discussion. Our preliminary data present some interesting hypotheses in geochemistry, which need further testing: 1) Sr in seawater could be well mixed and homogenized with respect to 88 Sr ratio for each fraction and the cumulative isotopic ratio, respectively. 
